In recent years there has been an increasing interest in identifying sediment sources and tracking sediment movement in watersheds. Sediment tracing allows for monitoring of sediment movement and obtaining spatially distributed information on erosion and deposition rates based on tracer inventories. The sediment tracing techniques dicussed in this chapter includes artifi cial and cosmogenic radionuclides, exotic particles, fi ngerprinting, and rare earth elements. Defi nitions, principles, case studies, advantages and limitations of particular tracers are presented. The chaptzer also gives an overview of application of sediment tracing approaches in coastal areas. Sediment tracing techniques have great advantages over traditional methods of erosion inventory. Further work is needed to identify and refi ne sediment tracing techniques in order to address sediment-related problems and to develop strategies for watershed management in coastal areas.
Introduction
Non-point inputs are the major source of water pollution in the USA. Half of the approximately 5 billion tons of soil eroded every year in the United States reaches streams [1] . This sediment is an important vehicle for transport of chemicals, such as nitrogen, phosphorus and pesticides, into waterways and estuaries [2] . Sediment and associated nutrients and pollutants cause various environmental problems in coastal areas among them are decline of water quality, increase of turbidity, and damage to marine and freshwater ecosystems including fi sh, sea grasses, and coral reefs [3] . Conservation efforts require large investments, thus there is a need for technology that is capable of correctly estimating erosion rates and precisely identifying problem areas within. Solutions to the problem of non-point source pollution must invariably involve effective modeling and techniques to monitor sediment movement.
There are increasing efforts to develop innovative ways to identify sediment sources and monitor sediment movement in watersheds. One of these is the tagging of sediment with tracers. Assuming that subsequent redistribution of the tracer is due to sediment translocation, this technique allows spatial identifi cation of sediment sources and sinks based on tracer inventories. Sediment sources are locations on the watershed undergoing various types of erosion (e.g. soil erosion, bank collapse etc.). Sediment sinks are locations within or outside the watershed where the sediment is deposited. Tracking of transport process and erosion measurement is also possible by collecting and measurement of suspended sediment samples in streams.
The ideal use of tracers for monitoring soil translocation should be based on the following assumptions [4] : 1) the local distribution of the tracer is uniform (or not uniform, but known), 2) the tracer strongly binds with soil, 3) subsequent redistribution is due to sediment movement, and 4) estimated erosion rates can be derived from tracer inventories.
Tracers have been successfully utilized in the natural sciences to study transport processes and the fate of various pollutants. The set of properties needed for an ideal tracer were defi ned by Zhang et al. [5] as the following: strong binding with soil, sensitivity to analysis, ease of measurement, low background concentration in soil, lack of interference with soil movement, chemical stability and low plant uptake, environmental safety, and availability of a suit of tracers with similar properties. There are a number of substances that meet these requirements. They can be classifi ed as naturally occurring and artifi cial. Artifi cial tracers are either introduced into the soil as a result of fallout from atmospheric nuclear weapons rests (e.g. 137 Cs) [6] or deliberately, either by tagging soil particles with trace elements (e.g. 59 Fe) [7] or by incorporating trace particles (e.g. magnetic or glass beads, lanthanide oxides) into the soil body [8, 9] . Alternatively, various soil chemical and physical properties, such as particle shape and color [10] , overall grain-distribution of sediments [11] , mineral magnetism [12] [13] [14] , and the combination of several physical and chemical properties of sediments [15] [16] [17] [18] [19] have been used for sediment fi ngerprinting.
This chapter introduces various sediment tracing techniques and gives an analysis of their advantages and drawbacks. It includes information on artifi cial and cosmogenic radionuclide methods, exotic particle methods, fi ngerprinting technique, and rare earth element method. The chapter also summarizes previous studies that used sediment tracing techniques in coastal areas to address sediment and sediment-related problems.
Sediment tracing techniques 2.1 Radionuclides

Artifi cial radionuclide
Artifi cial radionuclides are the most widely used type of sediment tracers today. For nearly half a century, scientists utilized them to measure soil erosion and deposition on landscapes quickly and accurately. The popularity of radioactive tracers is due to their relative ease of detection and rapid and strong association with soil particles. Although biological and chemical processes can move small amounts of these tracers through various biogeochemical cycles, erosion and sedimentation are the dominant forces that transfer them through the landscape.
Of all sediment tracers, cesium-137 ( 137 Cs) has been studied most extensively [4, 6, 20] . It is an artifi cial radionuclide produced by atmospheric tests of atomic weapons during the mid 1950s to early 1970s and distributed globally, primarily in the northern hemisphere. It has a half-life of 30.1 years, which makes it suitable for medium term estimates of erosion, and it is easily detectable through gamma-ray emission. Deposition of 137 Cs on the ground is predominantly dependent on the weather conditions and the pattern of rainfall [21] . The tracing technique is based on two assumptions: fi rstly, that 137 Cs is strongly and rapidly adsorbed onto clay, fi rst of all illite and bentonite [22] ; and secondly, that it is essentially non-exchangeable [23] . The concentration of 137 Cs exponentially declines with depth [24] . Because vegetation retention and uptake of 137 Cs is low [25] , its redistribution is mostly attributed to soil movement.
Erosion and deposition are calculated by conversion models through comparison of: 1) loss or gain of 137 Cs inventories at a sampling location relative to a reference inventory at an undisturbed site or 2) comparison of 137 Cs inventories at the same location at different points in time. The most commonly used models are the empirical relationship, the simple linear relationship, and the proportional method [26] .
The empirical approach uses a third order polynomial equation [27] or logarithmic relationship [28] between soil loss and 137 Cs loss of the form:
where SL is the soil loss, x is the percentage reduction of total soil 137 Cs, K and b are coeffi cients. These relationships are site specifi c. The simple linear relationship [29] is in the form:
where r is the bulk density of the soil, h is the thickness of the layer of soil in which the tracer is present, C 0 and C i are the concentrations of the tracer on an undisturbed site and eroded site, respectively. This linear relationship is based on the assumption of uniform distribution of tracer in a tillage layer. More complex relationships [30] predict the amount of 137 Cs in the soil as a function of time and erosion rate. They also account for deposition, decay, tillage dilution, erosional transport, and seasonal fl uctuation in 137 Cs deposition and erosion rates.
Kachanoski [26] used a proportional method to estimate erosion rate.
where E is predicted erosion rate, M s is specifi c mass of the plough layer, t i and t f is time of initial and fi nal soil 137 Cs sampling, respectively, C i and C f is total soil 137 Cs corrected for radioactive decay at time t i and t f , respectively. Govers et al. [31] evaluated a two-component soil erosion model using 137 Cs measurements from two, complex-shaped fi elds in the UK. The model consisted of a component for water erosion and a component for tillage erosion. Tillage erosion was modeled as a diffusive process, and water erosion was modeled as an overland fl ow process without a diffusion component. They found that the model results best aligned with the measured spatial data when both water erosion and tillage erosion were included. In their discussions of the results, the authors speculated that the diffusive processes associated with water erosion, which they considered to be limited to splash, were negligible. Other researchers have also used the 137 Cs technique for evaluating different erosion models [32] [33] [34] [35] [36] [37] . For example Ritchie et al. [32] compared 137 Cs data and model prediction from the USLE (Universal Soil Loss Equation). Quine [37] used 137 Cs-derived erosion rate in model validation for getter understanding of tillage erosion.
The 137 Cs technique has been extensively used to study soil erosion and sediment redistribution in agricultural lands [6, [38] [39] [40] [41] , forested lands [42, 43] , and rangelands [44, 45] .
The advantage of the 137 Cs technique is the ability to provide spatially-distributed information on soil redistribution, without long-term monitoring of soil movement [46] . Thus it has been used to validate physically-based distributed erosion models [31, 37, 47] . Also, because the rates of erosion and deposition obtained by the 137 Cs technique refl ect the integration of past soil movements within a watershed, this information is useful for evaluating the stability of soil resources.
However, there are limitations of the 137 Cs technique. Cesium-137 fallout occurred in a complex temporal pattern and its non-uniform distribution is related to rainfall, topography, soil density, and infi ltration [4] . This technique is unsuitable in acid organic soils [48, 49] where 137 Cs ions could become mobile [22] . Preferential adsorption of 137 Cs on fi ne clay particles makes it prone to sorting during transport by water. Bernard et al. [50] reported the enrichment ratio (enrichment of 137 Cs levels in sediments compared with the soil in the original location) for this tracer varying between 1.8 and 3.0. Enrichment occurs due to preferential transport of fi ne particles such as clay, which have greater affi nity for 137 Cs, during sediment transport processes [51] . This technique is also unable to provide shortterm estimates of erosion and deposition rates, because the redistribution of 137 Cs gives time-integrated decadal scale average erosion and deposition rates. Furthermore high coeffi cient of variations (up to 40%) for cesium inventories [52] often call for intensive sampling in reference locations in order to avoid a signifi cant bias in estimation of sediment redistribution [53, 54] .
Several sediment labeling techniques with deliberate introduction of radionuclides that are able to preserve the properties of the material under study have been developed. Soil particles were labeled with various radioisotopes ( 46 Sc, 110 Ag, 32 P), mixed with natural soil, and then placed on hillsides [55, 56] to study soil and sediment movement. Those tracers are retained in silt and clay fractions. The radioactive ion 59 Fe in solution can be applied directly to soil [7] , while 60 Co requires to be tagged with soil aggregates before applying to natural soil [57] .
While there are a lot of advantages of using radionuclide as a sediment tracer, radiological risk is a major concern of using the technique. To eliminate this drawack, a neutron activation method can be used that employs various stable isotopes. In order to be detected, these isotopes are activated by neutron irradiation [58] . The technique is based on the fact that stable isotopes can incorporate addiional neutrons into their nuclei, resulting in radioactive nuclides that emit beta-or gamma-radiation. Irradiation is conducted in the laboratory after sample collection, posing less threat to the environment. Noble metals (e.g. Au, Ag, In, Ir) are comonly used because they are only present in trace amounts in the natural envionment. Wheatcroft et al. [59] and Olmes and Pink [60] employed thermal diffusion to introduce Au and Ag into the crystalline lattice of clay minerals with subsequent leaching of the excessive tracer. Aggregate size of sediments was not affected by these procedures, thus minimizing the error usually associated with tracer enrichent. While excessive heating can dramatically alter soil chemical composiion, especially clay and organic matter fractions. This method is also relatively complex and costly if a large quantity of tracers is needed.
Cosmogenic radionuclides
More commonly used to study bioturbation, stratigraphy, and sedimentation dating, naturally occurring radionuclides have been incorporated into soil erosion studies. Cosmogenic radionuclides have a less complex input function than their bomb-produced counterparts; hence, the assumption that there exists a constant and uninterrupted supply of these tracers to the soil surface is more valid. Cosmogenic radionuclides are especially useful and often used in combination with artifi cial ones.
Beryllium-7 and 10 ( 7 Be and 10 Be) are cosmogenic radionuclides with a halflife of 53 days and 1.5 10 6 years, respectively [61] . They are derived from the spallation of oxygen and nitrogen atoms in the upper atmosphere [62] and reach the Earth's surface via precipitation or dry deposition. The fallout has pronounced seasonal pattern due to different degrees of mixing with the troposphere. Beryllium has high affi nity to clays and large spatial variability because of interception by vegetation. In general, beryllium does not penetrate far into the soil profi le [63] . Wallbrink (unpublished manuscript, 1989) reported mean soil penetration depth at a Canberra site ranging between 0.7 and 10 mm. Beryllium has been used as a stand alone tracer [63] or in conjunction with 137 Cs [64] whose typical penetration depth is 10-20 mm from soil surface. The different penetration depths of two nuclides is used to determine the origins of sediments and to identify possible dominant erosion processes. Wallbrink and Murray [63] provided a model to determine dominant erosion processes using the concentration of 137 Cs and 7 Be. High concentrations of both nuclides in sediments indicate that sheet erosion is the dominant process, while low concentrations of both nuclides suggest that eroded materials have not been subjected to fallout, such as a gully collapse. High 137 Cs concentration with low 7 Be concentration indicates rill or deep sheet erosion has occurred. Conversely, low 137 Cs concentration with high 7 Be suggests that eroded www.witpress.com, ISSN 1755-8336 (on-line) material has originated from the site where 137 Cs has been lost or never accumulated, but is exposed to 7 Be, such as a gully fl oor [62, 63] . Bonniwell et al. [65] used atmospherically-delivered Be-7, Pb-210, and Cs-137 accumulated in the snowpack to trace suspended sediment in a mountain stream. The authors were able to determine the sediment total fl ux, residence times, and erosion rates. 10 Be, a radioactive nuclide (half-life 1.5 million years) is especially suitable for long-term estimates due to its longer half-life [66] compared to 7 Be. Thus, Heimsath et al. [67] used in situ produced cosmogenic nuclide concentrations of 10 Be and 26 Al to determine Late Quaternary rates of apparent soil production in highlands of Australia.
Lead-210 ( 210 Pb, half-life 22 years) is also used in conjunction with 137 Cs and Be 7 to monitor erosion [65] . 210 Pb originates from the decay of 222 Rn in-situ and in the atmosphere. The latter is continually precipitated to the soil surface by rainfall. 210 Pb that is derived in-situ must be corrected for in erosion calculations. The typical penetration depth of 210 Pb is from 100 to 400 mm [68, 69] . It has been used to determine sediment accumulation rates in marine and freshwater sediments [70] . Results showed a good fi t to a steady-state accumulation model.
While radionuclide tracers have been used successfully worldwide, they have several drawbacks. Both artifi cial and some cosmogenic redionuclides have complex input patterns that reduce the accuracy of tracing methods. Widely distributed in the atmosphere and soil, they cannot be used (with the exception of deliberately introduced non-fallout isotopes) to study point-source sedimentation. Further, cosmogenic radionuclides cannot be manipulated to tag a specifi c component (particle fraction, etc.) of the studied sediment [60] .
Exotic particles
To eliminate some shortcomings of radionuclide tracers, various exotic particles have been developed to study sediment movement. Unlike radionuclide tracers, which tag existing soil aggregates, exotic particles are foreign objects introduced into a soil mass to mimic soil particles. However, they must have distinctive properties that make them easily identifi able in displaced sediment by optical, fl uorometric, magnetic, or other physical methods. Exotic particles are often used for small-scale studies and quick identifi cation of localized sediment sources.
Fluorescent dyes, incorporated into 44 to 2,000 µm diameter glass beads that can be ground to resemble soil particles of different sizes [71] , have been used under simulated rainfall on 4×10 m plots. This technique can detect soil movement, including splash movement and runoff. Fluorescent particles can be detected visually either on-site or in the laboratory under ultraviolet light, or by using fl uorometry, although the process is tedious and time consuming. Wheatcroft [72] used plastic beads to study horizontal mixing due to bioturbation. Plante et al. [73] successfully used ceramic pills with dysprosium for tracing sediment. The ceramic pills simulate soil aggregates better than glass or plastic beads because of their density. Parsons et al. [13] used magnetite for tracing sediment movement in interrill overland fl ow. Movement of the magnetite was monitored on an experimental plot during three artifi cial rainfalls. They showed the feasibility of magnitite for studying sediment movement in overland fl ow; however, they pointed out that the higher density of magnetite to natural soil could affect its detachment and transport. To overcome this problem, Ventura et al. [8, 74] used a magnetic tracer consisting of polystyrene plastic beads embedded with a powder magnetite. These authors summarized major advantages of this tracer technique as follows: 1) the technique requires no destructive sampling for measurements; 2) magnetometer readings can be taken from soil surface in a completely non-destructive manner; 3) the technique is extremely simple, quick, and inexpensive. Similarly, Borselli and Torri [75] used steel nuts to allow quick detection of soil movement with a magnetometer in the fi eld without lengthy laboratory analysis. However, the latter method is only applicable for translocation of soil by tillage operations and on limited areas. Fly ash, a product of fossil fuel burning, primarily coal, consisting of siliceous glass with less than 20 µm particle size, was found to be useful in soil loss determination [76, 77] . When comparing its amount in the soil profi le at different landscape positions on a cultivated fi eld and reforested site, the authors found deposition rich in fl y ash on the footslope, indicating net sediment gain at that point.
However, according to Zhang et al. [78] , the major problems with using exotic particles as tracers are: i) exotic particles may not bind with soil particles or soil aggregates and therefore are transported separately, ii) they may differ in size distribution, particle density, shape, surface morphology, and surface chemical properties from soil particles, and iii) a large quantity of tracers are needed to study soil and sediment movement on hillslopes and in watersheds.
Fingerprinting
Fingerprinting techniques do not rely on foreign particles or chemical elements, but instead use unique soil properties to trace sediment. This approach has been widely used in geology, sedimentology, and stratigraphy and is now applied to identify and quantify the sources of sediment in watersheds.
The techniques include two basic steps: 1) select physical or chemical properties which clearly differentiate potential sediment sources; 2) compare the measurements of the same property obtained from suspended sediment with the corresponding values for potential sources to identify the sources of suspended sediment [79, 80] . Color [81] , clay mineralogy [82, 83] mineral magnetic properties [84] [85] [86] , and radionuclide activity [87] have been used for fi ngerprint properties.
Many early fi ngerprinting studies utilized single component signatures as a marker of sediment sources [81] [82] [83] . The major limitation of these approaches is their inability to quantify the relative contribution of multiple sediment sources [85] .
Quantitative composite fi ngerprinting approaches use several chemical and physical properties in combination. Shankar et al. [88] used chemical, physical, and isotopic properties and an unmixing algorithm to differentiate sediment sources in a watershed and to calculate the relative source contributions to stream bedload. A composite fi ngerprinting approach, which incorporates statistically verifi ed multi-component signatures and a multivariate sediment-mixing model, has been developed and utilized, primarily in the UK [79, [89] [90] [91] .
Several physical and chemical properties, such as trace metals, heavy metals, base cations, other organic and inorganic materials, and absolute particle size are used for composite fi ngerprinting. Selection of fi ngerprint properties may be based on available analytical equipment, available data previously collected in watersheds, or fi nancial restriction, but the optimum composite fi ngerprint comprises properties selected from different groups, such as physical, chemical or mineralogical [92, 79] . The approach is capable of determining the spatial origin of suspended sediment in a large river basin and providing quantitative estimates of the relative contribution of each origin to sediment load [93] . Composite fi ngerprinting also increases the reliability of results and allows discrimination of a greater range of potential sources that are more representative of the source material mixtures [94] .
Erosion or deposition of soil can be identifi ed from its magnetic susceptibility, which is the magnetizing ratio of material to the magnetic fi eld inducing it [76] . Magnetic susceptibility is a function of topography, climate, parent material and time [95] . For example, magnetic susceptibility of organic matter and quartz is low; clays with transitional elements in their structure are weakly positive, magnetite and maghemite are strongly positive. Eroded soil and deposited sediment having different composition possess different magnetic susceptibility. For example, eroded areas on summits and slopes tend to have higher magnetic susceptibility than depositional areas in landscape depressions.
While fi ngerprinting techniques have largely contributed to information on suspended sediment sources and bedload, they have certain limitations. As pointed out by Collins et al. [93] , fi ngerprinting techniques are best suited to heterogeneous basins where contrasting geological types contribute sediment characterized by distinctive composite signatures. In other words, the techniques require heterogeneous soil properties within a watershed. This constraint usually limits the application of the method to relatively large basins.
Rare earth elements
The lanthanides or rare earth element (REE) group consists of 15 elements with periodic number 57 through 71, which have similar chemical properties. REEs' trivalent state and ionic radiuses ranging between 0.861Å (Lu 3+ ) and 1.03Å (La 3+ ), similar to that of Ca 2+ , allow them to be easily adsorbed to clay [96] . They occur in a variety of minerals, such as monazite, apatite, and titanite. REEs are found in many soils in concentrations of up to tens of parts per million [97] but usually in several parts per billion, with organic soils generally having higher concentrations than mineral soils. REEs are practically insoluble in water, however the solubility tends to increase with decreasing pH, a key factor in their mobility in soil [98] . REE compounds have low toxicity and often are accumulated by plants [99] , although the uptake is too low to noticeably change concentration of REE in soil.
REEs are often used in different areas of biological, environmental and earth sciences that deal with mass transport such as sediment transport. For example, Krezoski [100] used REE oxides to trace lateral transport of sediments in Lake Superior. Similarly, Mahler et al. [96] successfully used lanthanide-labeled clay to characterize mass transport in karst. Application of REE on agricultural soils recently received increased attention. They have been used as multiple tracers (i.e. a group of tracers used simultaneously) both in the laboratory under simulated rainfall [78, 101] and in the fi eld [9, [102] [103] [104] [105] [106] [107] .
Zhang et al. [5] tested the feasibility of using REE oxides as a sediment tracer by examining their binding ability with soil materials. They reported that the REEs were nearly uniformly incorporated into different sizes of soil aggregates for loessderived silt loam soils, and leaching of the tracers was not observed. Direct mixing of these tracers with soil did not substantially affect physical properties of soil aggregates. Kimoto et al. [107] also reported little leaching of the REEs and their strong binding capability with the gravelly, sandy loam soils. Most importantly, since the REEs constitute a suite of 14 different elements, they allow individual labeling of various areas of a study site or a watershed. This permits identifying the sources of sediment, evaluating the relative contribution of various watershed parts to total soil loss, and tracing the fate of eroded material. Low detection limits and relatively precise measurement of REEs with inductively coupled plasma mass spectrometry (ICP-MS) adds to the accuracy of the estimation of sediment movement. These properties make REEs suitable as sediment tracers.
Polyakov and Nearing [101] used fi ve REE oxides applied in bands across the slope in a 4 × 4 m laboratory plot with a silt loam soil. Depending on the slope location, the authors reported 4 to 40% relative error of soil loss estimation by REE method compared with the direct measurement of surface by laser scanner. Polyakov et al. [9] in a fi eld study in Ohio, USA, divided a small watershed into six morphological units, each tagged with one of six rare earth element oxides. Using runoff and spatial surface samples it was possible for the fi rst time to itemize the sediment budget for landscape elements into three components: 1) the soil from the element that left the watershed with runoff, 2) soil from the element that was re-deposited on lower positions, with the spatial distribution of that deposition, and 3) soil originating from the upper positions and deposited on the element, with quantifi cation of relative source areas.
A possible limitation of REE technique is the relatively high cost of materials and sample analysis using ICP-MS, which may preclude the application of this technique on a large scale. Another limitation is non-uniform binding of REEs for coarse-textured soils. Kimoto et al. [107] examined the applicability of REEs as a sediment tracer for gravelly, sandy loam soils, and showed that the REEs preferentially bound with small size classes of soil particles, which resulted in overestimation of the soil loss. However, the non-uniform binding of the tracers does not preclude their use on coarse-textured soils, as sediment sorting can be quantifi ed and taken into consideration. Kimoto et al. [106] , analyzing the data of a nearly four-year fi eld experiment on a small agricultural watershed near Coshocton, Ohio, USA, reported that the REE technique had a reasonable potential for studying www.witpress.com, ISSN 1755-8336 (on-line) sediment sources for extended period of time. However, there are two potential sources of error associated with it. One is the selective depletion of a tracer from areas where concentrated fl ow causes soil loss below the depth of tracer incorporation. This results in underestimation of the proportion of sediment from that area. The other potential source of error is the contamination of downslope areas with tagged sediments from upslope areas. The REE technique is not capable of differentiating between sediment directly transported from its original position and sediment that come from places of re-deposition. The adverse effect of contamination, however, should be offset over time by the continuous process of re-deposition and re-entrainment of soil particles, which maintain a quasi-equilibrium state [9] . While the cumulative amount of soil reaching the outlet increases with every storm event, the amount of sediment in transition (temporarily re-deposited) should remain relatively constant.
The REE tagging method offers a powerful and practical way to trace the movement of soil under erosive forces. It allows one to identify sources and sinks of sediment and itemize the sediment budget of any given location by its major components: sediment loss, deposition from upslope locations, and re-deposition on downslope locations. Additional investigation is needed to determine how soil properties, rainfall characteristics and tracer placement relative to the outlet infl uence the tracer enrichment ratio.
Application of sediment tracing techniques to coastal areas
Limited studies have been conducted to identify sediment sources or to trace sediment movements in coastal watersheds. Hill et al. [108] measured concentrations of aerosolic quartz and 137 Cs to estimate hillslope erosion during two years of a highway construction project on the island of Oahu, Hawaii. It was reported that the erosion rates of the hillslope during the highway construction ranged from 0.1 to 0.3 mm yr −1 , which was within the range of denudation rates estimated previously for drainage basins of Oahu. The authors concluded that the quartz aerosol was useful for identifi cation of fl uvial sediment loads in similar semi-tropical drainage basins. In addition, Hill et al. [109] used a sediment fi ngerprinting technique to qualitatively evaluate compensating errors in an annual fi ne sediment budget and to determine the sources of fl uvial sediment transported from the valley during highway construction. They measured concentrations of two aerosols, aeolian quartz and 137 Cs in sediment sources and fl uvial sediments. The reported differences between sediment-budget and aerosol-budget imbalances were relatively small (25%). They also showed that most fi ne sediment was produced by erosion of channel margins and attrition of coarse particles, and the contribution of hillslope erosion was relatively small.
Many sediment tracing studies conducted in coastal areas have focused on sediment accumulation rate in seas. For example, Callaway et al. [110] used the 137 Cs method to assess vertical sediment accretion rate in the North and Baltic Seas. They reported that vertical accretion rates ranged from 0.26 to 0.85 cm year −1 during the period of 1963 to 1986, while they ranged from 0.30 to 1.90 cm yr −l during the period of 1986 to 1991. The authors concluded that the 137 Cs from the 1986 Chernobyl nuclear accident could be successfully used as a sediment marker to study marine sedimentation processes. Cundy and Croudace [111] measured the vertical distributions of a series of radionuclides ( 210 Pb, 137 Cs, 238 Pu, 239,240 Pu, 241 Am, and 60 Co) to estimate the rate of sediment accumulation in Southern England estuaries. They indicated that the rates calculated using the radionuclides showed reasonably good agreement and were corroborated by dating using the natural radionuclide 210 Pb. They pointed out that a number of chemically different or inert radionuclides should be used to eliminate possible bias in calculated sediment accumulation rates. Huh and Su [112] examined the profi les and inventories of 210 Pb, 137 Cs and 239,240 Pu in the East China Sea and assessed rates of sediment accumulation and mixing, the pathways of sediment transport, and budgets of these nuclides and sediments in this marginal sea. They showed that the sedimentation rates calculated by 137 Cs method varied from 0.1 to 2 cm yr −1 and generally decreased southward from the Yangtze River estuary and eastward toward the open ocean. They noted that this pattern was consistent with the point of input and expected pathways of sediment transport by the current and tidal systems. Hong et al. [113] estimated sediment accumulation rates in the southwestern part of the Sea of Japan by measuring the excess 210 Pb activity profi les. They reported that the sediment accumulation rate ranged from 0.02 to 0.2 cm yr -1 and pointed out that the magnitude and geographical trends of 210 Pb-derived sediment accumulation rates were consistent with long-term sedimentation rates determined by dated volcanic ashes and seismic stratigraphy.
An integrated approach that includes monitoring and modeling is vital for successful management of coastal ecosystems. One of the main components of this approach is sediment tracing, which is becoming an increasingly popular tool for environmental monitoring. The unique feature of coastal areas is the presence of dry land to water body interface. Various tracing techniques need to be adapted to fi nd broader application in coastal watersheds to provide effective and accurate estimates of erosion and sedimentation rates.
Conclusion
Sediment and sediment-related pollution is a serious problem in coastal areas. Sediment causes inundation of estuaries, decline of water quality, and damage to coral reefs and marine and freshwater ecosystems. Sediment tracing techniques offer a powerful and practical way to identify sources and sinks of sediment, track sediment movements, and evaluate spatial distribution of erosion and deposition rates. Soil tracers have been used successfully on multiple scales from uniform slope in the laboratory to large complex watersheds.
Radionuclides ( 137 Cs, 10 Be, 7 Be, 46 Sc, 110 Ag, 32 P, etc.) are the most widely used type of sediment tracers today. The popularity of radioactive tracers is due to their relative ease of detection and good association with soil particles. However, most (except Be 7 ) of the radionuclide methods cannot provide short-term estimates of erosion and deposition rates.
www.witpress.com, ISSN 1755-8336 (on-line) Exotic particles are foreign objects introduced into the soil mass to mimic soil particles. They have distinctive properties, which make them easily identifi able in displaced sediment by optical, fl uorometric, magnetic, or other physical methods. Exotic particles became popular for small-scale studies and quick identifi cation of localized sediment sources. However, their difference from natural soil particles in grain-size distribution, density, and surface morphology, could result in different transport properties that limit their application.
Fingerprinting techniques use a native soil's own unique properties to trace sediment. This approach has been widely used in geology, sedimentology, and stratigraphy. It is now applied to identify and quantify the sources of sediment in watersheds. Fingerprinting techniques are applicable only in watersheds with heterogeneous physical and chemical soil properties.
Sediment tracing by REEs is a relatively new method that offers a powerful and practical way to monitor the movement of soil under erosive forces. A set of REEs incorporated into soil in different watershed locations allows the identifi cation of sources and sinks of sediment. An itemized sediment budget is possible for any given location based on its major components: sediment loss, deposition from upslope locations, and re-deposition on downslope locations. The major limitations of the REE technique are the high cost of materials and sample analysis, and possible tracer enrichment.
Properties needed for a successful tracer are: low background concentrations, uniform distribution in soil, sensitivity to analysis, ease of measurement, strong binding with soil, and absence of interference with soil movement. Sediment tracer techniques have a number of advantages over traditional methods of erosion measurement. They allow for tracking the path of non-point source pollutants beyond dry land and into water bodies, a unique quality that no other soil erosion measurement method can offer. Although a tracer is recognized as a powerful tool to study sediment movements, the application of sediment tracers to coastal watersheds has been limited. More research is needed to identify and refi ne sediment tracing techniques that are the most suitable for addressing sediment-related problems and for developing strategies for watershed management in coastal areas.
